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Tripcplidyl aldehyde proteasonie inhibitors have been shown lo i-HVtl i\ cly increase viral capsid uhicpiil illa- 
tion and transduction or recombinant adcnu-assoeialed virus type 2 (rAAV-2) and rAAV-5 serotypes. In the 
present study we have characterized a second class of proteasome-niodiilating agents (aulhraeycline deriva- 
tives) lor their ability to induce rAAV transduction. The aulhraeycline derivatives doxorubicin and aclarubicin 
were chosen for analysis because they have been shown to interact with the proteasonie through a mechanism 
distinct from that of Iripcptidyl nldchwles. Our studies demonstrated that doxorubicin and aclarubicin also 
significantly augmented rAAV transduction in airway cell lines, polarized human airway epithelia, and mouse 
lungs. Both tripeptidyl aldehyde and anlhraeyeline proteasome-modulnting agents similarly augmented nu- 
clear accumulation of rAAV in A549 and 115.1 airway cell lines. However, these two cell types demonstrated cell 
specificity in the ability of /V-acetyl-i.-leucyl-i -leucyl-i -norleucine (LLnU or doxorubicin lo augment rAAV 
transduction. Interestingly, the combined administration of LLnl. and doxorubicin resulted in substantially 
increased transduction 02,000-fold) following apical infection of human polarized epithelia with either 
rAAV-2 or rAAV-5. In summary, the cell type specificity of U.nL and doxorubicin to induce rAAV transduction, 
together with the ability of these compounds to synergistically enhance rAAV transduction in polarized airway 
epithelial induction, suggests that these two classes of compounds likely modulate different proteasonie 
functions that ailed rAAV transduction. Findings from this study provide new insights into htm modulation of 
proteasonie function can be effectively used to augment rAAV transduction in airway epithelia for gene therapy 
of cystic fibrosis. 

Adeno-assoeiaied virus (AAV) is a nonpathogenic parvovi- rAAV transduction involves enhancement of intracellular pro- 
ms with a 4.7-kb single-stranded DNA genome. This virus has eessing of the virus. 

been effectively developed into a highly promising vector sys- Cystic fibrosis (CP), a recessive genetic disease thai a Heels I 

tern for gene therapy of genetic diseases (5). Several serotypes j„ CV erv 3.00(1 Caucasian births, results ironi a gene deled in 
of the AAV family have been identified and cloned (7). While ,| u . CP transmembrane regulator (C1TK). C I has been a 
these various serotypes have very similar genomic orgaiti/a- n „ uk .| ( |j SL .., sc | or ,|ie clinical testing of rAAV-medialed gene 
lions, their infectious tropisms vary greatly as a result ol'evo- i hoi ;tpy (I. 34-3P,). The lung is the primary targe I for gene 
htlionary diversity among capsid proteins. The identification of ,| K . |iip ' v U |CP. sincx . pathology in this organ is most alVecled b> 
optimal AAV serotypes lor a given tissue target has been an the (TTR deled. Phase 1 and II trials lor CP lung disease uith 
area ol intense interest to gene therapy. Iiicllicicncics in re- rAAV tvpe 2 (rAAV-2) have demonstrated a promising safely 
eombinant AAV (rAAV) iransduelion can be atlributed to '' ;,, .„•„„.,„,,„; 

, . , .... , ... . , pro lie Willi peisie.cu.v ol v:ial l)\ \ S'cnoincs in auv.a\ i .pi 

inn lip i- steps mvolvmn virus-ni!s: cell ur.er;idioi-:s. i:ic:iiding 1 ' . . ° . 

' , , ,i . i- •. i He hii . Howevei. ■ iv.ns.:i.. :;om ■•, r . ;. .,!- ,'.;i- s;::;i. ..:;'b 

receptor abundance, intracellular barriers thai html nuclear , • lm -D 

accumulation of the virus, and rate-limiting conversion of sin- enough '» P"*'"^ lhc d «* clMn 1,1 inuisgene-denved CI- 1 R 
gle-stranded viral genomes lo expressible double-stranded mRNA ( I ). These findings are reminiscent of in vitro studies ol 
forms (12). Vectoring approaches have been used to solve polarized human airway epithelia in which postcnm barriers 
barriers related to receptor abundance (°, 18) and genomic appeared to be primarily responsible for low efficiencies of 
conversion (27). However, a less-studied approach lo improve rAAV-2 iransduelion from the apical membrane (3. 13. 14). 

Such studies have demonstrated dial iransgene expression fol- 
lowing apical infection wiih rAAV-2 is much less ellieienl than 
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reduced transduction fmin the apical membrane of lnmian 
airway epilhclia. 

Recently, il has been reported that rAAV-5 vectors more 
effectively transduce murine lungs. Intranasal delivery of 
pseudotyped AAV- 2 genomes with AAV-5 capsids (rAAV- 
2/5) results in a 25()-fold-highcr level of transgene expression 
than rAAV-2 capsid-mediatcd infection of mouse lungs (2,40). 
Although it is generally accepted that in vivo delivery of 
rAAV-5 infects mouse lungs more efficiently than rAAV-2, 
data from in vitro comparisons between rAAV-2 and rAAV-5 
in human cell lines and primary polarized human airway epi- 
lhclia remains inconclusive (II). 411). Previously, it was reported 
that iripeptidyl aldehyde proteasome inhibitors, such as I.I .ill. 
(/V-acelyl-i -leueyl-l.-leucyl-i.-norleucine. also called MdlOl ) 
or Z-I.l.l. (carboben/oxy-i.-leucyl-i -leueyl-leucinal, also called 
MG132), could enhance rAAV-2 transduction in vitro in hu- 
man polari/ed epilhclia (ID. 14) and in vivo in mouse lungs 
(14). Although the mechanism by which proteasome inhibitors 
enhance rAAV transduction remains unclear, several general 
observations suggest that proteasome inhibitors act to enhance 
rAAV capsid processing, [•valuation of viral DIM A suggests 
that proteasome inhibitors do not act by simply preventing 
enzymatic degradation of internalized rAAV virions (14. 3')). 
Furthermore, treatment of cells with proteasome inhibitors 
increases ubii|uitinalion of both rAAV-2 ami rAAV-2'5 capsid 
proteins (3 1 )). Lastly, in vitro reconslilution assays have dem- 
onstrated that AAV-2 and AAV-5 capsid proteins are sub- 
strates lor conjugation w ith ubiquilin (3 l >). Cumulatively, these 
data suggest that the ubiquilin/proteasonic pathway is involved 
in AAV infection. In support of these findings, the ubk|iiilin/ 
proteasome pathway has been shown to be critical in the lile 
cycle of the parvovirus minute virus of mice (MVMp) (30). 

With the goal of transitioning the application of proteasome 
inhibitors to clinical trials with rAAV, we sought to evaluate 
two anthracyclinc compounds currently used for cancer che- 
motherapy: doxorubicin (adriamycin) and aclarubicin (aclaci- 
nomyein A). In the present study, we evaluated the ability of 
doxorubicin and aclarubicin to augment rAAV-2 and rAAV-5 
transduction in airway cell models. Aclarubicin is a non-pep- 
lide inhibitor with discrete selectivity lor the chymolrypsin-likc 
proteolytic activity of the 20S proteasome. Doxorubicin is re- 
ported to inhibit proteasome activity in the same manner (Id). 
Results from the present study demonstrated thai both Iripep- 
lidvl aldehyde and anthracyclinc proteasome inhibitors simi- 
larly enhanced rAAV transduction in immortalized human 
airway cell lines. However, doxorubicin was the most effective 
at enhancing rAAV-2 and rAAV-5 transduction in polarized 
human airway epithelia and mouse lungs. Interestingly. 
rAAV-2 and 'rAAV-5 demonstrated speeics-specilic uifk i- 
ences in transduction efficiency in the presence of proteasome 
inhibitors. rAAV-2.5 was more effective than rAAV-2 in 
mouse lungs, and rAAV-2 was more effective than rAAV-2/5 
in human polarized airway epilhclia. Furthermore, our findings 
demonstrated a dramatic synergistic inductive effect on rAAV 
transduction (2.00()-fold) to human polarized airway epithelia 
when doxorubicin and Lf.nl. were coadministered at the lime 
of AAV infection. These studies provide further insights into 
the use of proteasome-modulaling agents as vehicles for the 
enhancement of rAAV transduction in the airway. 
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speeilically inhibil only chymotrypsin-like activi 
proteasomc (II, 24). When we tested the effects 
and doxorubicin on rAAV transduction, we loi 
dramatically augmented rAAV-2 and rAAV-5 li 
1153 and A549 cells (Fin. I). In contrast to I.Ln 
and doxorubicin showed much higher induction 
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LLnL Concentration (nM) 



DOX Concentration (|tM) 



0 0.025 0.1 0.25 1 
ACL Concentration (jiM) 

Prolcasomc-inodulalini: auenls augment rAAV transduction in airway cell lines. The cllecls ol \: 
n (ACL), anil doxorubicin (DOX) on AV2.1.UC and AV2/5.I.UC Iransduction ol mimortah/cu hum; 
evaluated. I'rolcasome-modulatini; agents were coadministered with each rAAV vector (MOI 

; evaluated 24 h later. Various concentralions ol each chemical were evaluated, 
:d with a luminomelcr at 47.7'rf sensitivity. Data represent the means (± slandarc 
(per well) results from Tour independent experiments. 
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hyde and aiilhracyclinc prolcasome inhibitors to induce 
rAAV2 or rAAV-5 transduction I'rom the apical membrane of 
polarized airway epithelia by using luciferasc rcponcr vectors 
(Fig. 2). Consistent with previous observations. U.nl. and Z- 
LLL administration at die time ol viral infection marginally 
augmented rAAV transduction (three- to seven fold) by 17 
days postinfection. In contrast, anthracycline prolcasome in- 
hibitors enhanced both rAAV-2 and rAAV-5 iransduction with 
much higher efficiencies. Aclarubicin or doxorubicin adminis- 
trations were 8- to 45-fold more effective at inducing rAAV-2 
or rAAV-5 transduction from the apical surface than LLnL 
(Fig. 2 and Table I ). A single application of doxorubicin at the 
time of infection augmented rAAV-2 transduction 147-fold 
and rAAV-5 transduction 84-fold by 17 days postinfection. 
Similarly, aclarubicin induced rAAV-2 transduction 54-fold 
and rAAV-5 iransduction 30-fold. 



Combined administration of doxorubicin and LLnL or Z- 
l.LL syncrgislicnlly augments rAAV transduction from the 
apical membrane ol polarized human airway epithelia. Studies 
evaluating how LLnL and doxorubicin alter prolcasome activ- 
ity have suggested thai their mechanisms may be quite differ- 
ent. Although both compounds inhibit the chymolrypsin-likc 
activity of the 20S prolcasome, their sites of interaction with 
the prolcasome are unique. The tripeptidyl aldehyde analog. 
LLnL or Z-LLL, blocks the catalytic center of proteases within 
the prolcasome ( 28, 33), whereas aiilhracyclinc compounds arc 
noncompetitive inhibitors that bind at an as-yel-unidcnlilied 
site on the 21 IS prolcasome (lb). The high-affinity binding of 
doxorubicin lo the 20S prolcasome is thought to result in 
distortion of the protease catalytic site, obstructing its access to 
the protein substrate (25). To investigate whether doxorubicin 
and LLnL act through similar mechanisms to enhance rAAV 
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ol' doxorubicin could more iupkllv rescue gene expression from 
self-complementary vectors, since second-strand synthesis 
would not be rale-limiting. As shown in Fig. 6. application ol 
doxorubicin at 13 days postinfection with sc/\V2.e( JFP re- 
stored gene expression within 3 days to a level equivalent to 
that seen in epithelia receiving scA V2.eG FP and doxorubicin 
at the same time. This result is consistent with viral accumu- 
lation at a proteasome-dependent block that is lifted by the 
addition of doxorubicin. In contrast, addition of doxorubicin al 
13 days postinfection with full-length AV2.eGFP led to a sig- 
nificantly slower rate of GIT gene expression rescue. These 
data are consistent with rate-limiting, second-strand synthesis 
for full-length rAAV vectors thai persist after application with 
doxorubicin. The extent to which second-strand synthesis be- 
comes rate-limiting is dependent on the number of viral ge- 
nomes in the nucleus at any one time. The application ol 
doxorubicin al 13 days postinfection lias synchronized accumu- 
lation of viral genomes in the nucleus and hence amplifies 
rate-limiting aspects of second-strand synthesis for full-length, 
but not self-complementary, vectors. 

Doxorubicin and Z-LLL augmented both rAAV-2 and 
r.VW-5 transduction in mouse lungs and human bronchial 
xenografts. In vitro studies have demonstrated that aldehyde 
or anlhraeycline proleusome inhibitors can enhance both 
rAAV-2 and rAAV-5 transduction. To further evaluate the use 
of doxorubicin as a vehicle to enhance rAAV transduction in 
the lung, we performed additional studies with mice. Previous 
data have shown that Z-LLL can efficiently enhance rAAV-2- 
mediated transduction in mouse lungs (14). However, similar 
studies have not been performed for rAAV-?. Z-LLL was 
chosen for use in vivo since il is more soluble than LLnL. 
Results from in vivo comparisons of doxorubicin and Z-LLL 
arc shown in Fig. 7A. As previously demonstrated, AV2 3. Luc 
was approximately b()-fold more effective at transducing mouse 
lungs than AVZ.Luc vector in the absence of applied prolea- 
some inhibitors. However, analysis of the trachea demon- 
strated less difference in transduction between these two sero- 



types. These findings suggest that perhaps certain cell types 
found more dislally in the mouse lung are considerably more 
susceptible to rAAV-2/5 transduction. Interestingly, observa- 
tions of increased transduction with rAAV-2/5 in mouse lungs 
contrasted with findings in polarized human airway epithelia, 
in which levels of gene transfer were nearly equivalent between 
these two vector serotypes. C'oappiicalion of Z-LLL or doxo- 
rubicin with either AV2.Luc or AV2/5.Luc led to enhancement 
of transduction in both the lung and trachea. Doxorubicin 
more efficiently induced rAAV transduction for both serotypes 
than did Z-LLL. These findings also relied the in vitro studies 
comparing doxorubicin and LLnL in polarized human airway 
epithelia. Interestingly. rAAV-2/5 transduction of mouse lungs 
was more elTceiivelv induced (174-fold) by doxorubicin than 
that of rAAV-2 (17-fold). A similar trend was also observed 
with Z-LLL in mouse lungs. This finding appears to be the 
opposite of that seen in polarized human airway epithelia with 
these two serotypes: rAAV-2 was slightly more effective than 
rAAV-2/5 on human airway epithelia in the presence of pro- 
teasome inhibitors by 17 days postinfection. Cumulatively, 
these findings demonstrate for the first lime thai rAAV-2o 
transduction in mouse lungs can be augmented by the addition 
of proteasome inhibitors at the lime of infection. Furthermore, 
these studies demonstrate that doxorubicin is more effective al 
aumnenling gene transfer to mouse lungs with rAAV than 
previously tested aldehyde proteasome inhibitors. 

Although Z-LLL or doxorubicin was capable of augmenting 
rAAV transduction in the mouse lung, the combined applica- 
tion of these two drugs did not provide greater efficacy than the 
application of doxorubicin alone (data not shown). We are 
currently unsure whether the differences in proteasome inhib- 
itor synergism seen between the human polarized airway epi- 
thelial and in vivo mouse models are due to species-specific 
differences or pharmacokinetic differences in drug clearance. 

We utilized a human bronchial xenograft model as an alter- 
native in vivo model to evaluate the application of proteasome 
inhibitors to enhance rAAV transduction. Given the fact that 
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following systemic ilclivcry of ihc drug. This lipid-formulalcd 
doxorubicin was systemically delivered by tail vein injection 1 
and 2 days alter rAAV infection of xenograft airways. The 
effectiveness of systemic Doxil adminislralion was compared to 
Z-LLL-doxoruhicin administered directly to the lumen of the 
airwav. As shown in fig. 7B. all routes and doses of prolea- 
some 'inhibitors in this study effectively induced rAAV-medi- 
ated Incifeiase transgene expression at 14 days postinfection by 
25- to 50-foid of dial seen in [he absence of the inhibitors. The 
direct application ol'Z-l.l.L and doxoiuhicin to the airway was 
marginally (twofold) more effective than Doxil delivered sys- 
tems-ally. However, it should be emphasized that the effective 
total dose of pmteasomc inhibitor was significantly reduced In- 
direct administration to the airway (4 u-g of Z-LLL-cS jig ot 
DOX) compared to systemic circulation (Doxil. containing 800 
ixg of doxorubicin). 
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doxorubicin has associated cardiac toxicities, we also sour 
assess whether the less cardioloxic. pcgylalecl. liposoma 
mulalion of doxorubicin (b, 17 ) (called Doxil) was also ell'i 
at inducing rAAV transduction to human xenogralt ai 
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DISCISSION 

It was previously reported that the tripe 
teasome inhibitors l.l.nl, and Z-l.t. 
r AAV-2 transduction both in pol 
airway models. In the present study 
class of proleasome-modulating ag 
livatives doxorubicin and aclarubiein. Currently, do 
and aclarubiein are both clinically used as anticancer 
32), and as such, they are useful compounds to test for poten- 
tial applications in gene therapy. Our studies with airway cell 
lines and polarized human airway epithclia have demonstrated 
that doxorubicin and aclarubiein cli'ecmely augment both 
r.-\AV-2 and rAAVo I : aiisdiiii ion. Interestingly, sindics with 

oanl to whether iripcptkM or amhracyclinc compounds max- 
imally induced rAAV transdticiion. Furthermore, the effective 
dose at which each of these compounds maximally augmented 
rAAV transduction varied between the two cell lines. This cell 
specificity suggested that tripeptiilyl or anthracycline com- 
pounds may alter proteasome function and rAAV transduction 
through slightly different mechanisms. 

Cell-specific responses to various classes of proteasome in- 
hibitors suggested the possibility that combined adminislralion 
of these two types of proleasonie-modulaling agents might be 
capable of syncrgislicnlly inducing rAAV transduction. In sup- 
port of this hypothesis, analysis of rAAV transduction with a 
matrix of doxorubicin and l.l.nl dose combinations demon- 
strated unique transduction profiles in IH.> and A54b cells. 
Combined administration of the two drugs at lower concentra- 
tions demonstrated greater efficacy than those of either drug 
alone. Although only a moderate increase in the effectiveness 
of rAAV transduction was observed in cell lines at lower doses 
when LI .uL and doxorubicin were administered together, po- 
larized human airway epithclia demonstrated a dramatic syn- 
ergistic induction in rAAV-2 and rAAV-5 transduction when 
both 1.1 ,nl. and doxorubicin were administered at the lime ol 
infection. Such auL'.menlal ion in rAAV transduction, which 
exceeded 2,000-lold, was stable for the length of Ihc experi- 
ment (17 days). These findings suggest dial tailoring ihc dos- 
age of combined pioiensonic-modiilating agents could be use- 
ful in increasing the efficacy of rAAV transduction for different 
target tissues. 
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